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The level of fetal hemoglobin (HbF) is an important disease
modifier for β-thalassemia and sickle cell disease patients.
Indeed, genetic tinkering with the HbF repression machinery
has demonstrated great potential for disease mitigation. Such
genetic treatments are costly and the high incidence of β-
hemoglobinopathies in low-income countries, therefore, calls
for the development of affordable, off-the-shelf, oral treatments.
The use of PROTAC (PRoteolysis TArgeting Chimeras) technol-
ogy to influence the epigenetic mechanisms involved in HbF
suppression may provide a solution. In this minireview, we
briefly explain the HbF repression network highlighting the
epigenetic factors that could be targeted for degradation by
PROTACs. We hope that this review will inspire clinicians,
molecular and chemical biologists to collaborate and contribute
to this fascinating field, which should ultimately deliver drugs
that reactivate HbF expression with high specificity and low
toxicity.
1. The urgent need to develop novel drugs for
β-hemoglobinopathy patients
To transport oxygen and carbon dioxide between the lungs and
all other organs, red blood cells rely on adult hemoglobin
(HbA), a tetrameric protein containing two α-globin and two β-
globin subunits. Patients with dysfunctional or an insufficient
amount of β-globin suffer from the most common life-threat-
ening genetic diseases in the world, collectively referred to as
β-hemoglobinopathies. The molecular pathophysiology of these
diseases, such as sickle cell disease, has been known for years,
yet therapeutic options remain very limited.[1] Sickle cell disease
is caused by a point mutation in the β-globin encoding gene
HBB that causes the affected sickle hemoglobin (HbS) to
polymerize under low-oxygen conditions. As a result, red blood
cells become sickle-shaped and tend to block capillaries, which
causes the accumulation of ischemic damage throughout the
body. Gene therapy holds great promise for curative
treatment,[2] however, with the majority of patients living in
low- and middle-income countries,[3] most patients have no
access to the healthcare infrastructure that gene therapy
requires. A treatment in the form of an orally available drug is
desperately needed. Before birth, red blood cells express fetal
hemoglobin (HbF) that contains two α-globin and two γ-globin
subunits. After birth, the switch from γ-globin to β-globin
expression marks the onset of symptoms in β-hemoglobinop-
athy patients. Conversely, patients with Hereditary Persistence
of Fetal Hemoglobin (HPFH) show a milder phenotype,[4] hence
drug development focusses on the reactivation of the γ-globin
encoding genes HBG1 and HBG2.[5] Hydroxyurea, a ribonucleo-
tide reductase inhibitor, was the first FDA approved drug to
elevate HbF levels in sickle cell patients[6] and is still considered
the primary disease-modifying compound with oral
availability.[7] The level of HbF induction, however, varies among
patients and thus the search continues for more potent and
more specific compounds that derepress HbF. Repression of the
HBG1/2 genes is well-studied, and many transcriptional regu-
lators of the switch from HbF to HbA have been identified (see
for instance supplementary Table 1 in Houwing et al.[1]).
Epigenetic regulation facilitates and maintains the hemoglobin
switch after birth, and provides avenues for drug development.
This minireview briefly discusses targeted protein degradation
as an avenue for drug development for β-hemoglobinopathies.
With the development of bi-functional, proximity-inducing
small molecules[8] it has become possible to design drugs that
target regulators of the hemoglobin switch. Since epigenetics
concerns reversible changes in phenotype without dependency
on the DNA sequence, using small molecules to interfere with
the epigenetic regulators would bypass the need for costly
gene therapy.[9] Oral compounds might be applied to deplete
red blood cell progenitors of HBG1/2 repressors, thereby
inducing HbF and ameliorating the symptoms of β-hemoglobin-
opathy patients.
2. Targeted protein degradation
The molecular network in charge of balancing the entire protein
abundance — proteostasisis — vital for almost every biological
process since proteins play a pivotal role in the regulation of
cellular functions.[10] Thus, protein turnover allows cells to
respond to environmental and intracellular cues rapidly. In
addition, the balance between protein synthesis and degrada-
tion enables different cellular identities.[11] Importantly, dis-
turbed proteostasis is implicated in numerous human
diseases[12] such as cancer, immune- and neurological disorders.
The major pathway of protein degradation is the ubiquitin-
proteasome system, in which a bridging E3 ubiquitin ligase is
capable of modifying a lysine side chain of the substrate protein
via forming an isopeptide bond with the carboxy terminus of
ubiquitin. This post-translational modification is responsible for
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the identification of proteins that should be degraded. Around
20 years ago the first proof-of-principle for exploiting the
canonical ubiquitin-proteasome system as on-demand degrada-
tion machinery was established.[13] The so-called PROTACs
(PROteolysis TArgeting Chimeras; Figure 1) promote cellular
protein degradation by inducing proximity of a ubiquitin ligase
to the protein substrate. However, only recently the develop-
ment of low-molecular weight ligands that bind to ubiquitin
ligases with high affinity and specificity have brought the full
potential of this target-cleavage methodology to light.[14]
PROTACs have been reviewed elsewhere recently.[15] Fewer than
a dozen molecules have been used as recruitment elements for
a handful of E3 ligases within the heterobifunctional chimeras.
Interestingly, immunomodulatory drugs (IMiDs) such as thalido-
mide derivatives can directly induce degradation[16] of diverse
zinc finger transcription factors[17] and some other proteins[18]
via a unique structural arrangement of a conserved glycine-
containing β-hairpin of the protein of interest and the
phthalimide group of the IMiD, which is bound to cereblon
(CRBN) ligase. PROTACs offer several advantages in comparison
with occupancy-based inhibitors. Unlike conventional inhibitors,
PROTACs can function regardless of where they bind on the
target protein. Consequently, they are not restricted to active
sites and may target any accessible region, modulating
previously “undruggable targets” such as transcription factors.
In addition, PROTACs act sub-stoichiometrically through a
catalytic mechanism. Therefore, compared to conventional
inhibitors the concentration required for activity tends to be
lower for PROTACs. This leads to fewer off-target effects and
toxicity in a therapeutic setting and a more selective chemical
intervention on the desired target. However, we still lack
general principles for PROTAC design[19] as well as standards for
degrader validation.[20] Currently, the field relies on trial-and-
error efforts of large synthetically complex compounds that do
not follow Lipinski’s “rule-of-5”.[21] Consequently, the discovery
and successful development of functional ternary complexes
requires substantial empirical testing where factors including
stability, re-synthesis rate of the target, linker composition,
ligase profile expression and cellular uptake all need to be
considered.[22] Furthermore, the typical activity decrease of
PROTACs at high concentration — hook effect —[23] together
with potentially adverse effects of complete protein depletion
may bring challenges to the actual drug development of
PROTACs. Poor pharmacokinetic and pharmacodynamic profiles,
off-target effects and adverse immunological reactions are
other potential drawbacks of PROTACs that will have to be
addressed on the road to drug development. Nevertheless,
many active PROTACs have recently been designed in the field
of epigenetics,[9,24] and new approaches such as light-activated
degraders are now available.[25] A fascinating new era of drug
development is on the horizon with the entry of PROTACs in
clinical trials.[26] In addition to good oral bioavailability,[15d,27] the
fact that PROTAC effects can be limited to specific organs, or
even to cellular compartments,[28] by targeting tissue-specific E3
ubiquitin ligases[15a] opens up new avenues for precision
medicine available.[25]
3. Molecular regulation of HbF repression
After birth, hematopoiesis moves from the fetal liver to the
bone marrow where adult erythrocytes are produced. PROTACs
that aim to reverse the hemoglobin switch and instigate HbF
expression should target the cellular factors that initiate and
preserve repression of the HBG1/2 genes. Terminally differ-
entiated erythrocytes are highly specialized small enucleated
cells that contain a maximum amount of hemoglobin molecules
to meet the respiratory needs of tissues throughout the body.
To acquire this unique and highly specialized transcriptional
program, the differentiating erythrocyte needs an equally
unique epigenetic profile of DNA accessibility and DNA meth-
ylation.[29] An intricate network of transcription factors and
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chromatin remodeling complexes accounts for the differences
in globin expression between fetal and adult erythrocytes. In
adult erythrocytes, the zinc finger transcription factors BCL11A
and ZBTB7A (also known as LRF) bind directly to the proximal
promoters of the fetal hemoglobin genes HBG1 and HBG2.[30]
The high-level expression of genes in the HBB gene cluster is
regulated by an upstream locus control region (LCR).[31] The LCR
consists of five highly accessible chromatin sites that interact
with transcription factors and RNA polymerase II.[32] Chromatin
looping, facilitated by the lineage-specific LDB1 protein, allows
the LCR to activate the promoters of the cis-linked β-like globin
genes (Figure 2).[33] In adult cells, BCL11A appears to prevent
the formation of looped LCR-promoter interactions at the fetal
HBG1/2 genes. Consequently, the LCR loops further downstream
to activate the adult HBB gene. Mutations that disrupt the
BCL11A binding site in the HBG1/2 promoters result in higher γ-
globin expression.[34] Together with another key repressor,
ZBTB7A, BCL11A recruits the Nucleosome Remodeling and
Deacetylase (NuRD) silencing complex (Figure 3).[35] The NuRD
complex represses the HBG1/2 genes with its epigenetic
subunits such as HDAC2 which deacetylates lysine residues of
histones. This results in a closed chromatin configuration and
represses transcription. These epigenetic co-regulators could be
druggable targets, as illustrated by HDAC inhibitors that
increase fetal hemoglobin levels.[36] Not only histone deacetyla-
tion but also histone demethylation regulates the hemoglobin
switch. Inhibition of lysine-specific histone demethylase
KDM1 A (also known as LSD1) has shown therapeutic potential
in experiments with both erythroid cells and mice.[17a] Treatment
of baboons with LSD1 inhibitor RN-1 also induced γ-globin
expression.[37] At the HBG1/2 promoters, RN-1 treatment
induced increased levels of H3K4me2 and H3K4me3, which are
epigenetic histone modifications associated with increased
chromatin accessibility and active transcription.[37] In addition to
HDAC2, other subunits of the NuRD complex, are essential for
full repression of fetal hemoglobin. These factors, such as
nucleosome remodeler CHD4, structural subunits GATAD2A and
MTA2, and MBD2, which binds methylated CpG residues in the
DNA, would all be suitable targets for PROTAC-mediated
proteolysis.[38] A CRISPR-Cas9-mediated knock-out of MBD2 in
adult erythroid progenitor cells resulted in �40% fetal
hemoglobin,[38] illustrating that depleting one NuRD component
might be sufficient for successful treatment. A coiled-coil
domain of MBD2 interacts with GATAD2A to recruit the NuRD
complex, and a knock-down of GATAD2A results in a similar γ-
globin induction as was observed upon MBD2 knock-down.[39]
Figure 1. Schematic representation of the different types of substrate recruitment in PROTAC technology: A. Immunomodulatory drugs (IMiDs) illustrated for
the degradation of the zinc finger proteins IKZF1 and IKZF2 via CRL4CRBN complex; B. Heterofunctional chimeras consisting of two protein-binding molecules
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Furthermore, the administration of a GATAD2A-binding peptide
that competes with MBD2 increased γ-globin expression
levels.[39]
In addition to DNA accessibility, DNA methylation is a
potentially important epigenetic determinant of γ-globin ex-
pression. Active transcription in fetal cells is associated with
hypomethylation of the HBG1/2 promoters. These promoters
contain multiple CpG residues that — upon methylation —
may enable DNA binding of MBD2, a component of the
silencing NuRD complex. In mice, the Hbb genes are regulated
by the interplay of H3K9 methyltransferase EHMT2 and H3K4
demethylase KDM5A.[40] In human cells, EHMT2 forms stable
heterodimers with EHMT1 and both proteins are crucial for
H3K9 methylation, a mark of heterochromatin.[41] These meth-
yltransferases can be inhibited by the small molecule
UNC0638[42] and treatment of adult erythroid cells boosts HbF
levels.[43] DNA methyltransferase DNMT1 is important for the
maintenance of DNA methylation in the HBG1/2 promoters, and
pharmacological inhibitors of this enzyme increase fetal
hemoglobin levels.[16a] Hypomethylation of the promoters could
explain the induction of fetal hemoglobin in patients treated
with DNA hypomethylating agents such as azacytidine that was
reported already in 1982.[44] More recently, a phase I clinical trial
provided new evidence that by targeting DNMT1, HbF levels
can be elevated in adult red blood cells.[45] The γ-globin
inducing potential of 5-azacytidine is not attributed to global
hypomethylation – including HBG1/2 promoters — but rather
to a more focused (epi-)genetic or post-transcriptional
mechanism.[46] DNMT1 is recruited to the HBG1/2 promoters as
part of the DRED complex, together with KDM1A. Nuclear
receptor corepressor-1 (NCoR1) acts as a scaffold for these
epigenetic enzymes and interacts with a heterodimer of DNA
binding nuclear receptors NR2C1:NR2C2 (also known as TR2:
TR4).[47] Full HbF repression requires sufficient amounts of
NCoR1, which is regulated by the deubiquitinase BRCA1-
associated protein-1 (BAP1).[34] Knock-down of BAP1 was shown
to increase NCoR1 ubiquitination and induce HbF expression
unless it was combined with proteasomal inhibitor.[34] These
experiments beautifully illustrate the therapeutic potential of
hijacking the proteasomal machinery to target epigenetic
repressors of HbF. While DNMT1 is responsible for maintenance
of the DNA methylation, DNMT3 A is required for the initial
methylation and is recruited by protein arginine meth-
yltransferase PRMT5 which introduces the H4R3me2 repressive
mark at the HBG1/2 promoters.[48] In this way, PRMT5 links
histone methylation to DNA methylation.[48] In addition to
Figure 2. Chromatin looping activates genes in the human HBB locus: Before birth the locus control region loops to the fetal genes HBG1 and HBG2 activating
γ-globin expression; After birth, the fetal genes are silenced and the LCR loops further downstream to activate the adult gene HBB giving rise to adult (HbF) or
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PRMT5, PRMT1 and its chromatin target CHTOP provide addi-
tional therapeutic targets for γ-globin induction.[49] Multiple
small molecule inhibitors of PRMTs have been patented and,
interestingly, the first three PRMT inhibitors that entered clinical
trials target PRMT5 (GSK3326595 and JNJ-64619178) or PRMT1
(GSK3368715).[50] Although these clinical trials are conducted in
the context of malignancies, they merit further investigation of
their use as HbF-inducing agents.
Pomalidomide, a thalidomide derivative, was shown to
increase HbF in erythroid cells[51] and mice.[52] Sievers et al.
defined the C2H2 zinc finger degrome targeted by thalidomide
derivatives. Their work suggests that the transcription factors
BCL11A and ZBTB7A could be depleted with a specialized
thalidomide derivative.[17c] Dulmovits et al., however, show that
pomalidomide lowers cellular BCL11 A levels even in the
presence of proteasomal inhibitors, indicating targeted protea-
somal degradation cannot be the only mechanistic explanation
for increased HbF levels.[53] PROTAC targeting of the epigenetic
factors reviewed here might help destabilize the suppressed
state of the HBG1/2 genes. Combinatorial treatments could
increase the effect on γ-globin expression while mitigating the
risk of adverse effects. In addition to the now extensive list of
druggable targets, researchers can choose from over 600 E3
ubiquitin ligases, of which until now only a small minority have
been exploited for targeted protein degradation. Recently,
SPOP, one of the substrate adapters of the CUL3 ubiquitin
ligase complex, was shown to be important for HbF
repression.[1] Genetic knock-out of SPOP or CUL3 increased γ-
globin levels and slightly lowered BCL11A levels.[1]
4. Concluding remarks
The field of targeted protein degradation provides valuable
research tools (reviewed by Wu et al.[54]) and novel pharmaco-
logical modalities (reviewed by Bruslem and Crews[15d]). It is
rapidly evolving and is likely to expand significantly in the
coming years. Kostic and Jones provided a tentative roadmap
for further development of targeted protein degradation.[21] The
field of drug development for β-hemoglobinopathies should
catch the wave of these newly developed tools. The current
understanding of the fetal hemoglobin repression
mechanism,[55] the availability of small compounds specifically
targeting some of the key factors involved (Figure 3), and the
demonstration that fetal hemoglobin expression can in princi-
ple be reactivated by peptides[39] collectively make a strong
case for development of PROTACs in this field. To this end, this
minireview combines a brief introduction to targeted protein
degradation and an overview of the most tangible target
proteins for epigenetic upregulation of fetal hemoglobin.
Figure 3. Therapeutic targets to raise HbF levels are the DNA-binding and epigenetic factors that silence HbF. Silencing is initiated by key repressors BCL11A
and ZBTB7A, that recruit the silencing NuRD complex. Together with the DRED complex, NuRD components instigate a closed chromatin conformation at the
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